Abstract -We developed a system based on high-frequency cutting methods to facilitate the insertion of multi-dimensional electrode arrays into peripheral nerves. The system incorporates a feedback loop for controlling arc intensity. This should reduce the risk of damage to electrode array and nerve. The high-frequency insertion system (HFIS) was used in a limited number of pilot experiments to insert wire electrodes into the peroneal nerve of the rat. Electrode coating and moistness of the nerve were found to be very important factors for proper insertion. Recruitment curves obtained with an electrode inserted with the HFIS generally had lower maximum forces and higher threshold currents than curves obtained with a manually inserted electrode.
INTRODUCTION
In electrical stimulation selectivity can be increased by inserting the stimulation electrode into the nerve. close to the nerve fibres innervating the muscles to be controlled. Due to the sparse distribution of nodes of Ranvier inside a fascicle. however. the recruitment behavior depends strongly on the position of the electrode with respect to the nodes of Ranvier [I] , [2] , [3] . Therefore, an intraneural stimulation prosthesis with a redundant number of electrodes will be needed to be able to "choose" the recruitment behavior. Such a prosthesis can also help in reducing fatigue by alternately activating different groups of nerve fibers during sustained contraction.
Unfortunately, the insertion of multidimensional electrode arrays into peripheral nerves is not straightforward. If the array is simply pushed against the nerve it will deform. rather than penetrate the nerve. This is due to the viscoelastic properties of neural tissue.
Rousche and Normann presented a method for pneumatically inserting an array of penetrating electrodes into cortical tissue [4]. They use high array-insertion speeds to cause the forces exerted by the electrodes to be applied mainly across the leptomeninges rather than across both the leptomeninges and underlying cortical tissue.
We have also tried to accomplish insertion into the nerve by means of high speeds, using an electrically-actuated system. However. we could not achieve insertion of twodimensional wire-electrode arrays into the peroneal nerve of the rat. This might be due to different viscoelastic properties of peripheral neural tissue as compared to cortical tissue. Furthermore, the wire electrodes in our array have a constant diameter, whereas the electrodes in the array used in [4] are tapered to a fine point at the tip.
The "epi-and perineural barrier" can be broken by creating small holes in the nerve through which the electrodes in an array can be inserted. This can be accomplished by rapidly heating the tissue by means of laser methods or by high-frequency cutting methods. The advantage of the latter is that the same electrode array can be used for creating the holes as well as for electrical stimulation.
In high-frequency cutting a voltage is applied between an active electrode and a neutral electrode underneath the tissue. When the voltage exceeds the breakdown voltage of the electrode-tissue junction, an arc will be created which rapidly heats the intracellular fluids of the tissue underneath the active electrode. This results in vaporization of the fluids. in explosion of superficial cells, and, consequently. in local disruption of the cell matrix.
Commercially available electrosurgical equipment generally delivers too much power for our applications. Also. they generally lack control of arc intensity. These properties can easily result in damage to electrode array and nerve. Therefore, we developed a high-frequency insertion system (HFIS) which incorporates a feedback loop for controlling arc intensity. A prototype of the HFIS was used to insert wire electrodes into the peroneal nerve of the rat.
METHODS

A . High-Frequency Insertion Svstem
The intensity of an arc between an active and a neutral electrode can be controlled by controlling the level of the third harmonic of the current through the arc (I,) IS]. 161.
The HFIS presented here (Fig. 1) generates a 350kHz high-voltage sinosoidal signal. Maximum output power is 10 W. The system contains a feedback loop which adjusts the output voltage such that the actual I, equals a preset level. A 
B. Experiments
The HFIS was employed in 10 acute experiments to insert 25 pm-diameter coated NiCr-wire electrodes into the peroneal nerve of the right hindleg of anaesthetized Wistar rats. The nerve was placed on a conducting support, which acted as the neutral electrode during the insertion process (Fig. 2) .
After insertion of the electrode monophasic rectangular current pulses of 100 ps-duration were generated in order to stimulate a-motoneurons of the extensor digitorum longus muscle (EDL). The elicited twitch contraction forces were measured to obtain isometric recruitment curves.
RESLJLTS
A correct hole was considered to have the same diameter as the electrode. and to show no tissue charring. In f 50 YO of the attempts a correct hole was created and proper insertion achieved. Output signal amplitudes were generally 400 V to 800 V. Arc currents were less than 10 mA.
The other attempts resulted in either too large a hole or no hole at all. In the former case we generally observed damage to electrode coating and charring of the nerve. Fig. 3 shows recruitment curves obtained with a manually inserted electrode (a) and with an electrode inserted with the HFIS (b. c). Note the differences in maximum forces and threshold currents.
DISCLJSSION
The HFIS was found to be capable of facilitating insertion of wire electrodes into the peroneal nerve of the rat. Two factors were found to be very important for proper insertion: electrode coating and moistness of the nerve.
When the electrode coating is damaged. the arc spreads to a large area, resulting in too large a hole. When the area underneath the active electrode is too moist. too large an arc is created. resulting in damage to both electrode coating and (a) and after insertion using the high-hquency insertion system (b, c) .
nerve.
The recruitment curves indicate that an HFIS-facilitated insertion results in lower maximum forces. This might be due to damaging of nerve fibers by the HFIS. Another explanation might be temporary "fatigue" of nerve fibers &er application of the high-frequency signal.
Higher threshold currents were also encountered after HFIS-facilitated insertion. This might be due to coagulated tissue sticking to the electrode.
Currently, a new feedback loop is being realized which is capable of controlling arc intensity more accurately. In addition to controlling I,, the new HFIS will incorporate feedback loops for generating constant-voltage output (V,) and for combined control of I, and V , . These improvements should reduce the risk of too large an arc. and. therefore. damage to electrode coating and nerve.
